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Abstract 
One of the key parameters of new photodetectors for use in medical imaging is their excellent timing resolution. 
Fermilab has been investigating the timing properties of microchannel plate photomultipliers and silicon 
photomultipliers, with measurements in the lab and at Fermilab's Test Beam Facility. We report on the technology we 
use to obtain picosecond level measurements and discuss the systematics involved in these measurements. 
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1. Introduction 
A new generation of photodetectors with small feature size can give significantly improved timing performance. 
With this increased performance, time-of-flight measurements can greatly contribute to improvements in PET 
imaging. One such photodetector is the micro-channel plate PMT (MCP-PMT), with a parallel array of thin 
microtubules with high emmisivity for electron amplification. The pore size is typically on the order of 10 microns 
and the distance from photocathode to the first amplification stage is only a few mm. The other new photodetector is 
the solid state silicon photomultiplier (SiPM), which is a device with an array of tiny (order 50 microns) Geiger mode 
avalanche pixels, whose count above background is equal to the number of photons hitting the device. Both of these 
devices can give superb timing resolution, on the order of 20 ps (Gaussian fit sigma) or better and Fermilab has been 
involved for the last several years in systematic studies of them. Recently, the laboratory has begun investigations on 
using SiPM’s as the light detector for TOF-PET modules. 
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2. Benchtop Measurements 
We created a test setup at the Silicon Detector Facility at Fermilab to study photodetector timing at the few 
ps level.  This setup has been described previously[1]. It consists of two paths of signals, each path being split with a 
high bandwidth splitter, into a pulse height measurement and an Ortec 9327 constant fraction discriminator input.  
The two discriminator signals are fed into an Ortec 567 time-to-analog convertor, whose analog output was 
subsequently measured by a 14 bit Ortec AD114 ADC. This system, shown in Figure 1, has demonstrated 3 ps 
systematics consistently. One way of using this setup was to use a PiLas fast laser pulse, or an LED pulse, 
illuminating the device to be measured.  Another way is to use two similar devices and measure the time difference 
for identical light pulses into each device.  This setup could be transferred to the Fermilab Test Beam Facility for our 
measurements with beam. 
 
We studied several MCP/PMT and SiPM devices for their timing resolution, using this setup.[2-6] As an example, 
Figure 2 shows the single photon time resolution (SPTR) for the Photek 240 MCP/PMT, with exquisite 40 ps result 
from this device. As shown in this figure, there is no significant positional dependence for the timing resolution 
across the face of the photocathode. 
 
We tested several SiPM responses to two different wavelengths of light (405 and 635 nm), using the PiLas laser 
system. We found a distinct dependence of timing resolution on the wavelength in Hamamatsu MPPC silicon 
photodetectors. This is shown in Figure 3. We believe this effect is related to the varying photon absorption length in 
silicon, the shape and location of the high field region, and the type of carriers in each case. We expand on this 
explanation of this phenomenon in a previous study.[2] 
 
 
 
 
Figure 1. A schematic of the electronic readout used in most of our timing measurements. 
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Figure 2. SPTR as a function of high voltage for the Photek 240 MCP/PMT. The dark points show the response for 
laser light at the center of the photocathode, while the light points show the response for light impinging near the 
edge of the photocathode (18 mm from the center). As shown, this phototube is remarkably consistent, with a very 
good timing resolution. 
  
                   
Figure 3. SPTR for several Hamamatsu MPPC silicon photodetectors, as a function of bias overvoltage. The blue 
points are for the response from blue light ( 405 nm), while the red points are the response from red laser light (635 
nm). 
 
 
3.  Fast Digi tization Techniques 
We have begun investigations into timing properties of crystals attached to SiPM detectors, using fast 
waveform digitization techniques. Our setup consists of 2 SiPms with optically attached crystals inside of Pomona 
boxes.The devices were placed on either side of a Na-22 positron source.  The signals from the SiPMs were split into 
2 halves using high bandwidth signal splitters. One of the signals participated in a coincidence trigger, while the other 
half was input into the digitizing module DRS4, obtained from the Paul Scherrer Institute.[7] We used the version of 
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the DRS4 with 4 input channels, a sampling rate of 5 GS/s and an individual channel depth of 1024. Sometimes we 
used an Ortec V120C to amplify the SiPM signals to fit the DRS4 dynamic range. We measured time and pulse 
height distributions with the following variables: 
(1) Two types of SiPMs: We studied devices from STM and from Hamamatsu.  
(2) LYSO Crystals of different size. 
(3) Using a clipping capacitance circuit and without it. 
(4) Radioactive sources of Co60 or Na22. 
 
We created a model analytical function which we could fit to the SiPMs signals for both PiLas laser and radioactive 
source data. An example fit for a LYSO scintillator response in a Hamamatsu SiPM is shown in Figure 4. Both single 
photoelectron SiPM signals and crystal light pulses have very sharp leading edges and much slower falling tails. 
Shortening of the SiPM signal with clipping capacitance allowed us to get a sharp leading edge and we have obtained 
150 ps Guassian width as our best effort so far using LYSO. We have verified a significant contribution to the 
resolution of our DRS4 system is the cumulative uncertainty with respect to pulse separation. This is shown in Figure 
5, where upwards of 20 psec of resolution can be accounted for by a 5 nsec delay in differential start time of the 
signals.             
 
 
                 
 
Figure 4. LYSO scintillator response in a Hamamatsu MPPC. Line is the functional fit to the pulse. 
 
 
                   
Figure 5. Timing resolution in the DRS4 for a split pair of signals, as a function of the separation in time of the 
pulses.  
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